During cyclic actuation conducting polymer based artificial muscles are often creeping from the initial movement range. One of the likely reasons of such behaviour is unbalanced charging during conducting polymer oxidation and reduction. To improve the actuation reversibility and subsequently the long time performance of ionic actuators, we suggest using spray-coated carbon nanotube (CNT) carpets on the surface of the conducting polymer electrodes.
Introduction
Ionic conducting polymer based actuators are one of many alternatives to traditional actuators. Due to a low actuation voltage, lightness and compliance conducting polymer based actuators are biocompatible and attractive for applications in biomedical engineering and biotechnology [1, 2] . Also, CPAs can induce a relatively large force, and only small currents are needed to hold constant strain at DC voltage [2, 3] .
The use of conducting polymers as actuators is based on the linear dimensional changes during their electrochemical doping and dedoping process.
There are several simultaneous and subsequent processes involved in changing the electrochemical state of the conjugated polymer, such as the charge and mass transport and the conformational changes of the polymer. These processes depend on the material properties, actuation and cycling conditions and affect the performance of the actuators regarding strain, speed, stress and efficiency in a complex and still not fully understood way [4] . For example macroscopic charge transport of intrinsically conductive polymer films requires 'hopping' between polymer chains. Because of this, the composition and the morphology of the polymer film might have a significant influence on the charge transfer [5, 6, 7, 8, 9] . Furthermore, volumetric expansion mechanism needs to take into account the doping of the conducting polymer, the size and mobility of the anion and cation in the electrolyte and the solvent [10, 11, 12] . Finally, even though the flux of ions to and from the mate-2 rial is considered to be the primary mechanism for producing deformation, conformational changes in the polymer could also play a role [5, 7, 13] .
Despite unique advantages that CPAs offer, redox reactions and polymer swelling are also the main drawbacks of the conducting polymer based devices [14] . In most cases, actuators fail gradually due to fatigue during the actuation or due to spontaneous self-degradation [15] . Gradual deterioration is observed and reported most often and could be caused by fatigue of the polymer, i.e. change in the mechanical properties, chemical degradation of the material, receding electrolyte or irreversible redox reactions and reduction in the charge transfer [4, 15, 16, 17, 18, 19? ]. The later is also one of the reasons of creeping [16, 20] .
Creeping in CPAs is observed as a continuous displacement of the movement range [21] . It originates from the incomplete recovery of the initial position on consecutive actuation cycles. There are two identified reasons causing such behaviour: (1) cycling induced solvent swelling suggested by Melling et al. [20] and (2) unbalanced charging characterized by Kaneto et al. [22, 23, 24] . In the first case, cycling opens the polymer matrix so that with each cycle ions diffuse faster and therefore deeper into the film. Consequently, if present, more solvent can irreversibly accommodate in between polymer chains [7, 20, 23, 25] . In the case of unbalanced charging, both, faster actuation rate during reduction [20] and oxidation [26] were previously observed. It is attributed to the higher electronic conductivity in the oxidised state and the higher ion conductivity because of the more expanded, open and swollen polymer. In any case, unbalanced charges at the end of an actuation cycle induce accumulation of the ions in the films [23] .
Carbon nanotubes are widely used for applications in conducting polymer based actuators, primarily to increase the conductivity, robustness and stiffness of the polymer matrix [27, 28, 29] . Besides, incorporation of carbon nanomaterials in actuators was shown to increase the Faradaic capacitance of the conducting polymer, the electrical conductivity and to consequently increase actuators stroke and work per cycle [30, 31, 32, 33, 34] . Just as in batteries, incorporation of the CNTs also increases the redox reversibility and significantly reduces creeping [35, 27, 32] . Nevertheless, one of the biggest challenges for using these composites is the low solubility of carbon materials [36] . Only small amounts of the more conductive, non-oxidised carbon nanotubes or graphene can be homogeneously dispersed in the polymer solutions [37, 38] . Higher concentrations lead to the formation of agglomerates.
When incorporated during the electropolymerization [33] , the concentration of carbon nanotubes is difficult to control. Other fabrication methods, i.e.
layer-by-layer deposition [34] , drop casting [32] , soaking [31] , that would allow to increase the CNTs amount in the polymer actuators were suggested, but they also require soluble and easily processable CNTs.
In this article, we suggest using spray coated carbon nanotube carpets (CNTCs) to reduce creeping and improve the long-time performance of the actuators. We show that spray-coating allows deposition of large quantities of carbon nanotubes (CNTs) leading to well connected and conductive networks. Furthermore, CNTC is deposited only on the surface and does not create a layered structure that is prompt to de-lamination. Finally, we show that CNT carpets increase Faradaic capacitance of conducting polymer electrodes, improve charge-discharge reversibility and subsequently lead to a 4 significant decrease in creeping. CNTCs effects are particularly advantageous if actuators are needed for cyclic positioning. Double-walled carbon nanotubes (CNTs) were synthesized in Cirimat-CNRS as reported in [39] and provided in water sodium dodecyl sulfate (SDS) suspension. CNTs samples contained 77% of double-walled CNTs, 18% of single-walled CNTs and 5% of triple-walled CNTs that have a length ranging between 1 and 10 µm and a diameter of 1.2 − 3.2 nm. They were shown to exhibit a metallic electrical behaviour [40] . 0.1 wt% of CNTs and 1 wt% of SDS were dispersed in deionized water and separated using 150 W ultrasound (VibraCell 75042, Bioblock Scientific) in an ice bath for 30 min.
Materials and Methods

Materials
The suspension was then centrifuged (16000 rpm, 10 min) and the supernatant was collected. Before spray coating, all the suspensions were dispersed using pulsed ultrasound (5 sec on and 5 sec off) for 10min at 150 W . For spraying SDS, 1 wt% solution was prepared in deionized water. Figure 1 depicts a schematic illustration of materials, as well as the fabrication process of actuators used in this work. We were using PE-DOT:PSS/PVDF/ionic liquid actuators made by solvent casting as previously reported and characterized by our group [41, 42] . Nevertheless, carbon nanotubes could equally enhance actuators produced in other ways or based on other conducting polymers.
Fabrication of PEDOT:PSS/PVDF/PEDOT:PSS actuators
Hybrid PVDF/PVDF-graft-PEGMA membranes were prepared to ensure excellent adhesion between solvent cast conducting polymer film and the membrane [41] . Grafting of about 0. Membranes were thermally annealed in the oven for 1 hour at 70 ℃. In order to create a trilayer, the procedure was repeated on the other side of the Table 1 summarizes the geometry and other properties of actuators used in this work.
Spray coating of CNTs
For post-treatment of actuators with CNTs or SDS, the membrane cast with conducting polymer on both sides was divided into 3 parts. One part was not modified and was used as a reference. The second part was used for deposition of CNTs and the third part was spray coated with only surfactant Figure 2A . All measurements were performed at room temperature and humidity that were slightly varying. A laser displacement sensor (optoNCDT 1700, MicroEpsilon) was connected to Ni-DAQmx for data logging and was also used for signal generation and current measurements. For creep measurements, displacement measured by laser was used as a feedback to switch actuators position to 1 mm above or below the initial by changing the polarity of the applied voltage (±1.5 V ). The time needed to reach the set position was calculated for each half cycle.
Results and Discussion
Harmonic response
A continuous displacement of the movement range, i.e. creeping, can be most easily observed during harmonic actuation as shown in Figure S. 
(Supporting information). Actuation starts with cycling in between about
+1.2 mm and −1 mm and after 2 minutes or 25 cycles, the position shifts to +1 mm and −1.2 mm. Because solvent was not used for fabrication of our actuators, the most likely reason of creeping is unbalanced charging [22, 23, 24] . Transferred charge during harmonic actuation is shown in Figure 5B .
It was calculated as integrated current transferred during actuation. In the case of pristine PEDOT:PSS without CNTC significant and fast creeping is observed. In less than 150 s one side of the PEDOT:PSS film continues being charged but is not completely discharged. That shows that, indeed, charges are being accumulated and stored on one side of the trilayer.
On the other hand, actuators sprayed with CNTs work with lower displacement amplitude, but its position remains relatively stable (Figure S. 2).
As shown in Figure 2B harmonic response of the transferred charge for actuators with CNTCs is significantly more reversible and remains in the initial range (±1 mC). Even though, less significant, improvement in charging reversibility is also noticeable for actuators with sprayed SDS. After 150 s of actuation charging and discharging remains in between about 0.8 mC and −2 mC.
The morphology of PEDOT:PSS and its compact structure might be one of the reasons of irreversible expansion and charge accumulation, as previously suggested by Melling et al. [20] . Harmonic cycling opens the polymer matrix so that with each cycle ions can diffuse faster and therefore deeper into the film. When polarity is reversed, some of the ions might remain there. In this case, spraying with a surfactant such as SDS could improve the reversibility of cycling by opening compact PEDOT:PSS structure and subsequently facilitate ion transport through it.
Nevertheless, CNTCs show much more significant improvement in charge transfer reversibility. To better understand this actuation behaviour, various electro-chemo-mechanical experiments were performed.
Bending characterization
Actuator performance was evaluated by tracking the displacement at its tip with the laser displacement sensor. The peak-to-peak displacement versus actuation frequency is shown in Figure 3A [44, 45, 34] . Furthermore, CNTCs also reduce the electrical resistance of PEDOT:PSS electrodes from 5.1 ± 3.7kΩ to 1.6 ± 0.5kΩ. We think that the increased stiffness of the actuators that was not measured in this study is the most likely explanation for a decrease in their response time [34] . Figure 3B and 3C show the comparison of the performance of the actuators without and with CNTC (respectively) at voltages in the range from 0.5 V to 2.0 V . In the case of actuators without CNTC, at low voltages below 1 V actuators were reaching a nearly stable position in less than 5 s. This is a consistent response of actuators working due to the charging of a double layer capacitance at the interface between the membrane and PEDOT:PSS as suggested by Okuzaki et al. [46] . Only above 1.5 V PEDOT:PSS is starting to be reduced causing the expansion and bending due to the ion incorporation in the polymer film. This can be seen in Figure 3B Figure 3C . For voltages lower than 1.5 V actuator responds slower and reaches slightly lower plateau value. That is, most likely, a consequence of an increased stiffness of the actuator [34] . Nevertheless, CNTCs seem to significantly improve the performance of the actuators when voltages are higher than 1.5 V . At 2 V a displacement of the actuator was significantly larger, 2.6 mm versus 3.2 mm in 50 s without and with CNTCs respectively, and seemed to be further increasing. This is an indication that carbon nanotubes positively affect the redox behaviour of PEDOT:PSS. Furthermore, the displacement of the actuators remains sensitive to the higher applied voltages (3.3 mm and 2.3 mm after 50 s for 2 V and 1 V respectively). Results suggest that CNTCs also facilitate the ion transport to the film.
Electrochemical characterization
In order to further explore electrochemical properties of actuators, cyclic voltammetry (CV) measurements were performed in an actuator working configuration and are shown in Figure 4A . As expected from previous results, redox behaviour was noticeable for voltages higher than 1 V . Actuators with CNTC show a significantly larger increase in current at higher voltages confirming their influence in improving redox. The specific capacitance of the actuators is at least 25 % higher when CNTCs are used (shown in Figure S.3 (Supporting Information)) . Furthermore, the shape of oxidation and reduction peaks is also more similar when CNTCs are used. This suggests improvement in reversibility of the redox reaction. As a reference CV measurements were also performed for actuators with only surfactant (SDS) sprayed on the surface. Neither does SDS alter the specific capacitance of the actuator nor show any improvement to redox behaviour. These CV responses imply that carbon nanotubes have an influence on improving the redox activity of the conducting polymer based actuators and its reaction reversibility.
As previously mentioned, in addition to redox behaviour, cycling reversibility and creeping could also be influenced by the morphology of PE-DOT:PSS film. In order to evaluate ionic conductivity of PEDOT:PSS films with and without CNTC, electrochemical impedance spectroscopy (EIS) was performed at the actuator working configuration with the potential amplitude of AC kept at 10 mV and in the frequency range from 100 kHz to 10 mHz. Results presented as a Nyquist plot are shown in Figure 4B -C.
Quantitative data fitting and extraction of conductivities were unsuccessful 16 due to the complex quasi-trilayer structure of the actuator [41] . Nevertheless, actuators with CNT carpets had lower resistance at high frequency (in a range between 110 Ω and 140 Ω). Our results suggest that PEDOT:PSS electrode with CNTC has a higher combined ionic and electronic conductivity.
We have already mentioned, that CNTCs reduce the resistance of PE-DOT:PSS electrodes from 5.1 ± 3.7kΩ to 1.6 ± 0.5kΩ. On the other hand spraying PEDOT:PSS with only SDS solution also decrease the resistivity of the film to 1.5 ± 0.4kΩ. It was previously reported that SDS improve the electrical conductivity of PEDOT:PSS by altering its PEDOT:PSS towards a more swollen and less compact core/shell structure [47] . We think, that less dense morphology also improve the ionic conductivity as it allows easier ion penetration and movement through the PEDOT:PSS film [20] . On the other hand, the difference in EIS response between pristine PEDOT:PSS and PEDOT:PSS with SDS is not significant. That says that even though SDS might play a role in increasing the overall conductivity of actuators, CNTC, i.e. improvement in redox reaction of PEDOT:PSS, is significantly more important.
Creeping reduction
To sum up, we have demonstrated that CNTCs significantly improve redox behaviour of PEDOT:PSS and its overall electrical and ionic conductivity. Both effects are known to contribute to cycling reversibility and could explain reduced charge accumulation shown in Figure 2B . To demonstrate the importance of reversible cycling on the long term performance of conducting polymer actuators we actuated CPAs with and without CNTC using feedback from laser displacement sensor (creeping during harmonic cycling eventually leads to actuation out of the laser measurement range). Actuation asymmetry and creep were estimated by comparing the time needed for the actuator to do a half cycle, i.e. to bend from one extremum to another. The voltage polarity (±1.5 V ) was changed every time the actuator got to the set ±1 mm value. The time needed for the actuator to reach these positions was then extracted and is plotted versus actuation time in Figure 5A .
In the case of the actuator with no CNTC (full red line in Figure 5A ), the time needed for the tip of the actuator to move one direction is near 5 times longer than the other. This time difference is further increasing and after 18 1400 s it takes 10 s for the actuator to reach the lower extreme. The difference in time needed to move the actuator upwards or downwards can also be clearly seen in Figure 5B as a filled area. After less than 2000 s the position of actuator without CNTC was reset as it was not reaching the lower limit of −1 mm. On the other hand, actuators with CNTC demonstrated nearly the same time for each half-cycle, and it remained rather constant for more than 2200 cycles or 1 hour of actuation (dashed blue line in Figure 5A -5B). This remarkable improvement in actuator performance is in agreement with our previous discussion -CNT carpets increased redox reaction reversibility that consequently reduced charge accumulation in the PEDOT:PSS film leading to reduced creeping of the actuator.
Conclusions
We have demonstrated that carbon nanotube carpets deposited by spray coating could be used to improve conducting polymer based artificial muscles.
We suggest that CNTC increases the redox activity of PEDOT:PSS leading to better performance at voltages above 1.5 V . Furthermore, together with an ionic surfactant, i.e. SDS, CNTs increase overall electrical and ionic conductivity of PEDOT:PSS, consequently, improves the redox cycling reversibility and reduce the charge accumulation in the polymer film. These effects lead to a significantly reduced electrochemical creeping of conducting polymer based actuators. It is the first time a method for limiting electrochemical creeping of conducting polymer based actuators is suggested. As creeping is one of the main limitations of conducting polymer based devices, this could be a significant step forward towards their commercial applications. Finally, spray coating is a simple and a versatile technique that can be used as an additional step after any other conducting polymer deposition. 
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